
Applied Thermal Engineering 221 (2023) 119822

A
1

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/ate

Research Paper

Numerical assessment of integrated thermal management systems in
electrified powertrains
Alberto Broatch a, Pablo Olmeda a,∗, Benjamín Plá a, Amin Dreif a, Angelo Onorati b,
Andrea Marinoni b

a CMT-Motores Térmicos, Universitat Politècnica de València, Camino de Vera s/n. 46022 València, Spain
b Department of Energy, Politecnico di Milano, Via Lambruschini 4A, 20156 Milano, Italy

A R T I C L E I N F O

Keywords:
1D modelling
Heat transfer
Hydraulic circuits
Thermal management strategy
Hybrid vehicles

A B S T R A C T

Temperatures in internal combustion engines (ICE) impact fuel consumption and pollutant emissions, especially
under transient operating conditions. In hybrid powertrains, where the reciprocating internal combustion
engine has intermittent operating conditions, a optimum control of these temperatures is critical. In this work,
a detailed methodology for studying integrated thermal management systems for hybrid propulsion system
was presented. Both experimental measurements and 0D/1D models were implemented and validated for the
different components of the hybrid vehicle powertrain. The novelty of this work consists in the extensive
experimental measurements involved for the development of the different models, specially the ICE, in order
to study the integration of the different thermal flows of a hybrid powertrain. Furthermore, the simulation
methodology used in this work integrates different modelling tools and takes advantage of their strengths when
compared to using a single modelling tool. Two different thermal management systems have been evaluated
under different Real Driving Emission (RDE) cycles at two different temperatures (at 20 ◦C and -20 ◦C). Results
have shown that during the ICE warming up, the integrated thermal management system improved energy
consumption by 1.74% and 3% for warm and cold conditions, respectively. This was because, the integrated
TMS allows to avoid the temperature drop of the ICE when the propulsive system is in pure electric mode.
1. Introduction

In view of the current socio-political restrictions and market de-
mands, automotive manufacturers are investing a large amount of
resources in research and development (R&D) to further develop in-
novative power-trains in order to improve their efficiency and reduce
their environmental impact [1]. Vehicle electrification has proven to be
a promising solution for achieving that aim [2]. In fact, several govern-
ments have dictated policies encouraging the shift towards electrified
power-trains [3]. Investigations have demonstrated that the hybrid
propulsive systems can reduce exhaust emissions and improve fuel
economy compared to the traditional propulsive systems based on the
internal combustion engine (ICE) [4]. Nevertheless, increasing the rate
of vehicle electrification traduces in more expensive vehicles because of
the battery and power electronics cost [3]. Overall, electrified vehicles
(xEVs) are considered as an important part of the future transporta-
tion as a substitute for internal combustion engine vehicles (ICEVs).
Although the battery electric vehicles (BEVs) have higher price, they
have shown to be competitive and can be expected to be more preva-
lent in the market due to several attractive features, such as higher
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energy efficiency, lower maintenance frequency, faster acceleration,
and noiseless and emission-free operation [5]. However, BEVs suffer
from some obstacles, such as weight, higher cost, limited driving range,
extra recharging time and overloaded batteries. Thus, hybrid electric
vehicles (HEVs) or plug-in hybrid electric vehicles (PHEV), combining
an internal combustion engine (ICE) with an electric motor, have been
widely developed because they combine the merits of BEVs and ICEVs.
Compared with ICEVs, HEVs can consume less fossil fuel and generate
lower Green House Gas (GHG) emissions; while compared with BEVs,
HEVs avoid range anxiety due to the power support from ICEs and
self-charging batteries. Furthermore, PHEVs can be directly charged
from the grid increasing their electric mobility and diminishing the ICE
dependence [6].

Thermal management (TM) is critical for maintaining the HEV
subsystems temperature within optimum range. In the ICE, the thermal
management system (TMS) is responsible for avoiding the failure of
the engine material while maintaining the coolant temperature within
optimum range for reducing fuel consumption and pollutant emissions.
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Nomenclature

𝛥𝑡 Time step
𝛥𝑥 Local mesh size
U Gas velocity
𝑚 Mass
𝑐 Solid heat capacity
𝑘 Thermal conductivity
𝐴 Area between solid nodes
𝑇 Temperature
�̇� Heat exchanged or generated
𝑑 Distance
ℎ Convection heat transfer coefficient
𝑐𝑝 Fluid heat capacity
�̇� Flow mass
[𝑇 ] Array of nodes temperature
[𝐾] Thermal conductances matrix
[𝐶] Capacitances matrix
𝑅2 Quadratic coefficient of the hydraulic resis-

tance
𝑅1 Linear coefficient of the hydraulic resis-

tance
𝑅0 Independent coefficient of the hydraulic

resistance
�̇� Volumetric flow mass
𝑚𝑓𝑣 The mass of the fluid volume
𝐾𝑓𝑎 Equivalent heat conductance between fluid

and ambient
𝐼 Is the cell electric current
𝐸𝑜 Open circuit voltage
𝑉 Cell voltage
𝛥𝑃 Total pressure drop
𝐾 Hydraulic resistance coefficient
�̇� Mass flow rate
𝑉 Nominal voltage of the battery pack
𝑃 Power
𝑁 Speed

Acronyms

ICE Internal combustion engines
0D/1D/3D 0/1/3 dimensional
RDE Real driving emission
TMS Thermal management system
xEVs Electrified vehicles
ICEVs Internal combustion engine vehicles
BEVs Battery electric vehicles
HEVs Hybrid electric vehicles
PHEV Plug-in hybrid electric vehicles
GHG Green house gas
TM Thermal management
BTMS Battery thermal management system
HVAC Heating, ventilating and air conditioning
EDS Electric drive system

Several investigations regarding the improvement of ICE thermal man-
agement have been carried out. Split cooling of the cylinder head
and liner has been studied by means of a mathematical model [7].
Additionally, in order to reduce the heat rejected to the coolant and
increase engine efficiency while reducing emissions, the insulation of
2

EDTMS Electric drive thermal management system
ITMS Integrated thermal management systems
OEMs Original equipment manufacturers
FMI Functional mock-up interface
EMS Energy management system
VEMOD Virtual engine model
CG-TVD Corberán-Gascón total variation diminish-

ing
CFL Courant–Friedrichs–Lewy
CPU Central processing unit
GDI Gasoline direct injection
PID Proportional integral derivative
FSM Fast simulation method
NTU Number transferred units
ECU Electronic control unit
ECEM Equivalent circuit electric model
CFD Computational fluid dynamic
HX Heat exchanger
BMEP Break mean effective pressure
ODE Ordinary differential equation
IVC Intake valve closing
EVO Exhaust valve opening
CAC Charge air cooling
SI Spark ignition

Greek symbols

𝜐 Speed of sound
𝜂 Efficiency

Subscript

𝑖, 𝑗 Solid nodes
𝑡 Current time
𝑡 + 𝛥𝑡 Next time step
𝑙 Liquid node
𝑔 Gas node
𝑛 Nodes number
𝑎𝑚𝑏 Ambient
𝑐𝑒𝑙𝑙 Battery cell
𝑟𝑒𝑞 Required

Superscript

𝑖 Solid node
𝑏𝑐 Boundary conditions

engine exhaust ports and manifold was investigated through experi-
mental measurements and numerical tools in different conditions [8,9].
Results showed that fuel consumption could be decreased up to 0.6%
while turbine outlet gas enthalpy and pollutant emissions improved by
12% and 30%, respectively. Furthermore, aiming to increase the heat
transfer between the cylinder material and the coolant while decreasing
the auxiliary coolant pump power, research on nanofluids [10] have
been performed. However, although the heat transfer was enhanced,
limited fuel saving were observed in the study for transient cycles.

In regard to the battery performance, the battery thermal man-
agement system (BTMS) plays a critical role. In fact, the operating
temperature of Li-ion battery directly impacts its total capacity, maxi-
mum power and durability. Additionally, overheated cells of the battery
pack could led to a thermal runaway and failure [11]. According to
literature, optimum temperature range of the battery is between 15 ◦C
and 35 ◦C. Consequently, several investigations have been performed in
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order to develop efficient BTMS that maintain the cells temperature of
the battery within the optimum range while decreasing the gradient
temperature in the battery pack. The BTMS can be classified into
different categories depending on type of cooling contact (direct or
indirect), phase state of coolant (gas, liquid or phase change material)
or its integration with the heating, ventilating and air conditioning
(HVAC) system. Additionally, there are novel BTMS based on the use
of heat pipes or thermoelectric technology [12]. Another emerging
technologies are spray cooling, immersion cooling, and flow boiling
cooling [13–15].

The electric drive system (EDS) of an HEV is responsible for the
energy conversion between electrical and mechanical power and it
consists on an inverter and a electric machine. On one hand, this system
works as a motor when consuming energy from the battery in order to
drive the wheels. On the other hand, as a generator when charging the
battery using the energy provided by the ICE or the regenerative brak-
ing. The energy used by the EDS is divided into brake power and power
loss generated in the winding, iron, magnet and bearings [16]. This
leads to an increment in the temperature of EDS components and, if the
material limits are reached, produce a demagnetization of the magnet
and/or the windings failure [17]. Thus, efficient TMS in the electric
drives are essential for minimizing the temperature of their hotspots.
The TMS for the EDS cooling depends on the structural scheme of
the electric machine and the performance of the cooling jacket [16].
Several cooling techniques have been studied and implemented in the
electric drive thermal management system (EDTMS). Liquid cooling
using water and glicol through the jacket, oil spraying for cooling the
magnets, forced air cooling, direct water cooling, alternative cooling
fluids, immersion cooling, heat pipes, phase change materials, vapour
compression refrigeration, thermoelectric cooling and Stirling cycle
cooling [16].

Taking into account the diversity of the integrated thermal man-
agement systems (ITMS) used by the automotive original equipment
manufacturers (OEMs) in their vehicles, it is very clear that an optimum
solution is still far from being achieved. Additionally, the different
available architectures in xEVs along with their multitude subcom-
ponents make very difficult to find a perfect solution for the vehicle
TMS. Each component of HEVs have different thermal requirements.
Normally, after the refrigerant loop of the air conditioning system,
the cooling loop of the battery has the lowest temperature among
the cooling circuits of the vehicle. Some degrees higher, the operative
temperature range of the power electronics ranges between 50 ◦C
nd 70 ◦C. Finally, for the ICE, optimum operative temperature is
onsidered to be around 90 ◦C [2]. Consequently, the ITMS has to
e able work in different temperature levels. Thus, the automotive
ndustry presents a diverse level on thermal integration. For the case
f BEV, BMW has combined the cooling and heating of the battery
ith the air conditioning in their BMW i3 (2014) model. Additionally,

t has another TMS for cooling the powertrain. The model Tesla S 60
2013) holds one of the most holistic TMS of the market coupling the
ooling of the power electronics, electric machine and battery. Similarly
o the BMW i3, the Nissan LEAF (2017) integrates a holistic TMS for
he powertrain through active liquid cooling. For its battery, passive air
ooling was selected [18].

Numerical tools have become essential for improving the design,
eveloping and testing processes of electrified vehicles. Reducing time
o market and obtaining a more optimized solution. However, in most
f the cases, specific software or applications are used for modelling
ach component or subsystem being unable to evaluate the impact of
he solution from a holistic perspective [2]. Two different approaches
an be taken to avoid this issue. On one hand, benefiting from the
xtended libraries of some commercial software, modelling every com-
onent of the system with the same platform is a possible solution
19–21]. However, this option presents two main drawbacks. Firstly,
odelling accuracy is forfeited given the fact that some applications
3

ere constructed from the begging aiming to the improvement of a
specific subsystem or component. Additionally, several improvements
have been implemented in those applications during the last years. Sec-
ondly, in larger projects (as it is the case of EVs development), different
departments are involved in the process. Each one being specialized in
a certain modelling software. On the other hand, a more sophisticated
solution, it is to integrate a standardized co-simulation interface. This
approach benefits from the accuracy of each specific tool and enables to
perform a holistic system simulation. The Functional Mock-Up Interface
(FMI) has became commonly used in several simulation tools [22]
during the last years.

In this framework, several investigations have been carried out.
P. Lu et al. implemented an integrated thermal management system
by means of 1D/3D coupling. They modelled the engine cooling cir-
cuit, air conditioning and the vehicle under-hood [23]. However, the
engine gas circuit was not considered and possible fuel saving were
not evaluated. Casoli et al. presented the coupling of ICE, hydraulic
circuits in order to develop control models using both Simulink and
AMESim simulation platforms [24]. Although the study proved the
integration tools potential, only steady-state conditions were evaluated
for a conventional engine. R. Yuan et al. published a detailed review
on the state of the art of numerical approaches for the virtual holistic
thermal and energy management of hybrid vehicles. The investigations
showed that great effort had been invested in studying the thermal
management of the hybrid vehicle mainly focusing on the battery
[2,25]. M. Cao et al. reported a design of an integrated cooling system
using Matlab/Simulink along with in-house tools for thermal control
development [26]. Although the proposed TMS considered different
temperature levels for the HEV subcomponents, the components effi-
ciency was not evaluated. G. Lang et al. presented a study of a cooling
circuit layout based on three different circuits and simulated the system
for different ambient and load conditions [27]. However, the thermal
integration between different cooling circuits and their impact on fuel
savings was not evaluated.

Several ITMS have been studied for BEVS [28,29]. However, the
integrated thermal modelling with co-simulation approach still needs
further exploration and development for hybrid powertrains [30]. J.
Ma developed a novel vehicle integrated thermal management system
for pure electric vehicles and validated the system through simulation
and experimental measurements [31]. S. Hemmati et al. developed a
novel model-based optimization platform for the optimal cabin heating
operation of a PHEV with engine-assisted heating for cold climate
and explored an integrated operation of cabin heating, engine, and
aftertreatment for connected PHEVs during real-world drive cycles.
However, they used a simplified control oriented ICE thermal model for
the ICE and a few effort was invested in developing a model capable
of capturing the ICE dynamics, thermal behaviour and fuel consump-
tion during transient operation [32]. M. Shams-Zahraei implemented
a new EMS incorporating an engine thermal management based on
dynamic programming-based algorithm. Although the control strategy
contributed the fuel consumption savings, the implemented TMS only
considered the interaction between the thermal flows of the ICE, Cabin
and Battery while EDS worked independently [33].

The main novelties in this study are; (a) The extensive experimental
campaign carried out in an ICE designed for hybrid propulsion systems.
These data guaranteed the correct development, calibration and vali-
dation of the submodels implemented. (b) The co-simulation FMI was
implemented for different 0D/1D high-fidelity submodels of the ICE,
the thermohydraulic and the battery models. Hence, benefiting from
the simulation strengths of established modelling tools (i.e. GASDYN
and VEMOD) [34,35]. (c) The design methodology of the integrated
thermal management system considered the ICE engine cooling circuit
layout of a real engine as baseline. Then, the integration of the Battery
and EDS cooling systems were integrated while reducing the system
complexity and fulfilling temperature requirements.

The main objective of this work is to assess the degree of inter-

action of the heat flows of an hybrid powertrain system in order to
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evaluate the viability of integrated concepts of thermal management
systems. For this, the coupling of the ICE, battery, EDS and thermo-
hydraulic models was performed. Each component submodel has been
constructed in a specialized software and interconnected by means of
standardized co-simulation interface. Then, using the available experi-
mental data, the validation of the coupling between the ICE submodels
was carried out for different real driving emissions cycles. Additionally,
in-house models were developed for the main electric components for
estimating the heat rejected to the integrated thermal management
system. These were validated with data available in literature. Once
the models coupling was completed, two different thermal management
systems were developed and simulated for different ambient conditions
during an RDE cycle. Finally, the gain in fuel consumption and tem-
perature operation of the different components was evaluated for both
considered thermal management systems.

The present paper is divided as follows. First, it starts justifying the
importance of the integrated thermal management system on electrified
vehicles as well as present the most relevant studies in the field. Second,
the numerical models development and coupling is detailed. Third,
the experimental set up and the tests are described. Then, the calibra-
tion and validation of the different models are presented. Afterwards,
the simulation results are presented and analysed. Finally, the most
relevant conclusions are stated and explained.

2. Numerical models

The numerical models implemented in this work have been devel-
oped in different software platforms (GASDYN software [34], VEMOD
(Virtual Engine Model) software [36] and Microsoft Visual Studio).

Note that the purpose of this work was not to simply link already
existing models. The ICE submodels were completely constructed, char-
acterized and optimized in this work. The battery model was also
developed and validated within the scope of this work while using
experimentally characterized parameters data from literature. Further-
more, code development was also required for the improvements of the
available modelling tools.

It is important to state the capacities and precision expected from
the surrogate models. It is well known that increasing the detail and
precision of the models translates in more simulation time. The devel-
oped models of this research aim to simulation times close to real time.
Thus, although 3D simulations are used for validation, each one of the
numerical submodels are based on 0D/1D modelling approach in order
to reduce computational effort.

The developed models present different complexity degrees. The
ICE models for gas-dynamics, thermo-hydraulics and heat exchange
are much more complex than those applied for EDS and Battery, that
are based on efficiency maps or first order ODE. This approach was
justified because a higher degree of accuracy was required for ICE
since more energy was demanded from this component during the RDE
cycles. The ICE average energy demand was around 75% of the total
for the different tests. Furthermore, the electric motors have relatively
higher efficiencies when compared to the engine and their efficiency
dependence with temperature is limited while working within safe
temperature ranges [37]. The ODE battery model presented acceptable
accuracy in previous studies as it can be observed in [38]. Additionally,
the temperature variation of the battery is much lower than the one
produced in the ICE.

The approach followed in this study searched developing an ITMS
which could benefit from thermal flows interaction as simple as possi-
ble while fulfilling the thermal requirements of the main components
of the hybrid propulsive system. Given the numerous subcomponents
of a hybrid vehicle, several combinations and configurations are pos-
sible when constructing an ITMS. The HVAC system was assumed to
work independently for both thermal strategies evaluated in this work.
Hence, zero heat exchange from the ICE cooling system to the cabin
was assumed in the study.
4

2.1. ICE Thermo-Fluid Dynamic Model

The internal combustion engine block is represented by the 1D
thermo-fluid dynamic model Gasdyn [39]. The conservation equations
of mass, energy, and momentum for an unsteady, ideal, compress-
ible gas flow with friction and heat transfer at the pipe walls, are
solved on a one-dimensional domain, representing the ducts, resorting
to 0D sub-models and boundary conditions to model pipe junctions,
turbochargers, and cylinders. The CG-TVD, or Corberán-Gascón ‘‘total
variation diminishing’’ formulation [40], numerical scheme is used for
the solution of the conservation equations along the 1D pipe-system;
this is an explicit, 2nd order numerical method, with a timestep de-
termined by the Courant–Friedrichs–Lewy (CFL) [41] condition which
requires the timestep to be the minimum value of Eq. (1) applied to
the whole domain considering the local mesh size 𝛥𝑥, speed of sound
𝜐 and gas velocity U.

𝛥𝑡 = 𝛥𝑥
𝜐 + |𝑈 |

(1)

The boundary conditions are instead assumed quasi-steady at each time
step, solved by applying a characteristic-based approach. In particular,
the compressor and turbine exploit a map-based approach. To decrease
the computational effort required by the simulation of long RDE cycles,
a 1D numerical solver called FSM (Fast Simulation Method) has been
developed and applied, on the basis of the ‘‘1D Cell’’ numerical scheme
[34]. This numerical method can provide a good mass conservation
also on coarse meshes, allowing to increase the mesh size and the
corresponding time step, hence significantly decreasing the simulation
time, to reach a CPU/real time ratio around 2.0–2.5. The Fast Sim-
ulation Method (FSM) used as solver of the 1D model relies on the
strong conservation of mass, typical of finite volume approaches, to
significantly increase the mesh size and correspondingly the calculation
time step. Recalling Eq. (1), considering the increase of mesh size from
1 cm to 10 cm, the resulting increase of time step size is roughly of one
order of magnitude as well. Therefore, the CPU time reduces by 90%.
Although, the lumped thermal model is used to model a 3D space, it
is a 1D lumped thermal model, hence much faster. Since the overhead
computational effort determined by the lumped thermal model is low,
in the coupled simulation the overall CPU/real time ratio is determined
by the slowest model, which is the 1D fluid dynamic model.

The SI engine combustion process is modelled by a multi-zone
approach, to evaluate the thermodynamic properties and chemical
composition inside the combustion chamber. The in-cylinder mixture
is first divided into two zones, unburnt and burned gas, separated by
a flame front, which is assumed to be spherical and infinitesimally
thin. The solution of mass and energy equations applied to the burned
and unburned zones allows the computation of the pressure and tem-
perature of the two zones. The burnt zone is then further divided
into a certain number of zones of equal mass, created during the
combustion process. Each zone is spherical, centred on the spark plug
and exchanges heat with the cylinder walls, according to the respective
surface area. Pressure in the combustion chamber is assumed uniform
and the chemical composition is computed in each zone. The solver
exploits the Zimont’s model to compute the turbulent flame velocity
from the laminar velocity, taking account of the turbulence intensity
generated in the combustion chamber [34].

The complete 1D model of the 1.0L, 3-cylinder GDI engine has
been built, considering a detailed description of the whole intake and
exhaust system layout. The maps of the turbocharger have been inter-
polated and extrapolated, to be suitable for use in the 1D model solver.
The complete operating map of the GDI engine has been configured
with information concerning for example the air-to-fuel ratio, spark
advance timing, variable valve timing actuation, compressor boost pres-
sure target and intercooler efficiency. The corresponding 1D schematic
is reported in Fig. 1. The same model has been used to simulate steady

state operating points of the engine map and transient RDE operation.
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Fig. 1. (a) 1D ICE Thermo-Fluid Dynamic Model, (b) ICE Lumped Thermal Model.
In the 1D schematic the throttle body and the wastegate PID controllers
are highlighted, used to control the target torque and boost pressure.
The catalytic converter element is also present, to correctly predict the
back pressure.

2.2. ICE Lumped Thermal Model

In this section, the ICE thermal model is detailed. This model
was the responsible for calculating the temperature distribution in the
cylinders of the engine. Regarding its interaction with other submodels,
it was interconnected with the ICE gas model and the thermohydraulic
model. This model was developed so it could receive as an input the
heat rejected from the in-cylinder gas to the material walls (liner, head
and piston) which was calculated with the ICE Thermo-Fluid Dynamic
Model (Section 2.1).

This model is based on a 1D lumped thermal network approach
and is composed by 111 material nodes strategically distributed. The
cylinder liner, cylinder-head and piston were divided into 66, 35 and
10 nodes, respectively. Fig. 1 shows the discretization of each part of
the engine cylinders. The multiple nodes were considered isothermal
and isotropic. They were defined according to the geometry and char-
acteristics of the engine given by the manufacturer. Each node had its
volume, density, thermal capacity and conductivity. Additional to the
material nodes, 6 fluid nodes were included in order to account for
the heat rejected to the coolant and oil. Both inlet and outlet nodes of
coolant thorough the liner (2 nodes) and cylinder-head (2 nodes) were
implemented. Similarly, inlet and outlet nodes of oil were included.
It is important to note that inlet nodes served as boundary conditions
and were imposed by the values given by the thermohydraulic model
(Section 2.3). In Fig. 3, the integration of the ICE Lumped Thermal
Model with the other submodels of the ICE is presented (where the
main interaction among these models are shown).

The heat transfer mechanisms considered in the ICE thermal model
were conduction (among the solid material nodes) and convection
(between the material and the fluid) as it can be observed in Eqs. (2)
5

and (3). These equations were obtained from performing the energy
balance for each node. In order to increase the stability of the solver, an
implicit numerical method for solving the equations was implemented.

𝑚𝑖 𝑐

(

𝑇 𝑖
𝑡+𝛥𝑡 − 𝑇 𝑖

𝑡

𝛥𝑡

)

=
∑

𝑗

𝑘𝑖𝑗 𝐴𝑖𝑗

𝑑𝑖𝑗

(

𝑇 𝑗
𝑡+𝛥𝑡 − 𝑇 𝑖

𝑡+𝛥𝑡

)

+

∑

𝑘
�̇�𝑔→𝑖 +

∑

𝑙
ℎ𝑙𝑖 𝐴𝑙𝑖

(

𝑇 𝑙,𝑜𝑢
𝑡+𝛥𝑡 + 𝑇 𝑙,𝑖𝑛

𝑡+𝛥𝑡
2

− 𝑇 𝑖
𝑡+𝛥𝑡

)
(2)

where 𝑚𝑖, 𝑐, 𝑘𝑖𝑗 , 𝐴𝑖𝑗 stand for node mass, heat capacity, thermal
conductivity and contact area between solid nodes 𝑖 and 𝑗, respectively.
Additionally, 𝑇 𝑖

𝑡+𝛥𝑡 and 𝑇 𝑖
𝑡 are the current node temperature and the

node temperature for the previous calculation step. �̇�𝑔→𝑖 is the heat
generated or rejected from the gas to the wall nodes. 𝑑𝑖𝑗 is the distance
between solid nodes while ℎ𝑙𝑖 is the convection heat transfer coefficient
between solid (𝑖 and 𝑗) and liquid (𝑙) nodes.

𝑚𝑙 𝑐𝑝
𝛥𝑡

(

𝑇 𝑙,𝑜𝑢
𝑡+𝛥𝑡 + 𝑇 𝑙,𝑖𝑛

𝑡+𝛥𝑡
2

−
𝑇 𝑙,𝑜𝑢
𝑡 + 𝑇 𝑙,𝑖𝑛

𝑡
2

)

+�̇�𝑙 𝑐𝑝
(

𝑇 𝑙,𝑜𝑢
𝑡+𝛥𝑡 − 𝑇 𝑙,𝑖𝑛

𝑡+𝛥𝑡

)

=
∑

𝑙
ℎ𝑗𝑙 𝐴𝑗𝑙

(

𝑇 𝑖
𝑡+𝛥𝑡 −

𝑇 𝑙,𝑜𝑢
𝑡+𝛥𝑡 + 𝑇 𝑙,𝑖𝑛

𝑡+𝛥𝑡
2

)

(3)

where 𝑚𝑙, 𝑐𝑝 and �̇�𝑙 represent the mass, heat capacity and flow mass of
liquid nodes, respectively.

Furthermore, the equations were rearranged in a matrix array aim-
ing to reduce the simulation time as it is seen in Eq. (4).

[𝑇𝑡+𝛥𝑡]𝑛𝑥1 =
(

[𝐾]𝑛𝑥𝑛 − [𝐶]𝑛𝑥𝑛
)−1 ([𝑇 𝑏𝑐 ]𝑛𝑥1 − [𝐶]𝑛𝑥𝑛[𝑇𝑡]𝑛𝑥1

)

(4)

where 𝑛 is the total number of nodes. [𝑇𝑡+𝛥𝑡]𝑛𝑥1 is the array of nodes
temperature for the next calculation step while [𝑇𝑡]𝑛𝑥1 is the vector
of temperatures for the current time. [𝐾]𝑛𝑥𝑛 and [𝐶]𝑛𝑥𝑛 represent the
thermal conductances and capacitances, respectively. [𝑇 𝑏𝑐 ] is the
𝑛𝑥1
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boundary condition array and consists of temperature or heat val-
ues of the nodes considered as boundary condition (i.e. coolant inlet
temperature, oil inlet temperature or solid nodes in contact with the
in-cylinder gas in which heat is generated). It is important to note
that the boundary conditions are directly dependant on the integration
of the submodel. In other words, the defined inputs of the submodel
determined the number of nodes taken as a boundary condition.

2.3. ICE Thermohydraulic model

The 0D/1D thermohydraulic model was responsible for calculating
the temperatures, flows and pressures in the circuits of the different
thermal management systems present in the propulsive system of an
PHEV. The same source code was used for developing the different
hydraulic circuits of the hybrid propulsive system. These include the
TMS of the ICE, battery and EDS. Additionally, a thermohydraulic
model was also developed for the lubricant circuit of the engine.

The thermo-hydraulic model is based on Eqs. (5)–(7). Once the
geometry and the layout of the circuits are interpreted by the model,
its solver calculates the pressure and flows by applying the continuity
and energy conservation laws for each closed loop of the circuit. After-
wards, in order to calculate the temperature distribution, the circuits is
divided into several fluid volumes and the energy balance is performed
according to Eq. (7) for each volume.
∑

�̇� = 0 (5)

∑

𝑅2�̇�
2 +

∑

𝑅1�̇� +
∑

𝑅0 = 0 (6)

where 𝑅2, 𝑅1 and 𝑅0 represent the quadratic, linear and independent
coefficients of the hydraulic resistance respectively. Additionally, �̇� is
the volumetric flow mass.
𝑚𝑓𝑣 𝑐𝑝
𝛥𝑡

(

𝑇𝑡+𝛥𝑡 − 𝑇𝑡
)

= 𝐾𝑓𝑎
(

𝑇𝑎𝑚𝑏 − 𝑇𝑡+𝛥𝑡
)

+ �̇� (7)

where 𝑇𝑡 is the current temperature of fluid volume, 𝑇𝑡+𝛥𝑡 is the temper-
ature of the fluid volume in the next time step, 𝑚𝑓𝑣 corresponds with
the mass of the fluid volume and 𝑐𝑝 is the fluid heat capacity. 𝐾𝑓𝑎 stands
for the equivalent heat conductance between fluid and ambient. This
parameter accounts for the heat conductivity and convection processes.
Finally, the 𝑇𝑎𝑚𝑏 is the ambient temperature while �̇� represents the
heat exchanged with other submodels (i.e. heat rejected from the ICE
to coolant).

The coolant and oil circuits of the engine were formed by several
different elements. Fig. 2 shows both the layout of the engine hydraulic
circuits. For the coolant circuit, the geometry (i.e. length and diameter)
was experimentally measured for the accessible pipes while for the
oil, a simplification of the circuit was taken and only the main paths
and components were implemented in the model according to the data
provided from the manufacturer.

It is important to highlight that the coolant circuit used in the test
bench was not exactly the same as the one implemented in the vehicle.
For instance, the aerotherm was not installed in the test bench and
was replaced by a pipe. The radiator was replaced by a controlled
water/water heat exchanger of shell a and tubes in order to im-
prove the control over coolant temperature. The lengths of some paths
were slightly different because of the addition of the instrumentation
(i.e. flow meters) in the circuit.

The main pump of the coolant circuit was characterized by its
volume, speed ratio between pump and engine, head pressure and
efficiency curves. The speed of this turbopump depended on the engine
regime. According to the experimental data, the coefficients of the
curve were calibrated. This component provides the necessary pressure
and flow for the correct operation of the system. Additionally, the
pipes were defined by their diameter, length and friction coefficient.
The thermostat was modelled as a valve which creates a localized
hydraulic resistance depending on the thermostat opening lift. Like-
wise, this opening lift is function of the coolant temperature as it was
6

detailed in the [36]. The implementation of the heat exchangers was
performed for the engine cylinders, the turbocharger, radiator and the
oil cooler. They were defined by their volume, type (i.e. shell and
tubes) and hydraulic resistance coefficients. The heat flux calculated
by the ICE Lumped Thermal Model is transferred to the coolant by
means of this heat exchanger. For the case of the heat rejected by the
turbocharger, the experimental luck up table (i.e. calculated using the
flow and temperature difference) is used as input in the simulations.
The oil cooler is a heat exchanger responsible of the thermal interaction
between the coolant and the oil circuit. It also produces a pressure
drop depending on the flow rate. The heat exchanged between both
fluids (oil and coolant) is calculated according to the NTU (Number
Transferred Units) method. For the radiator, a heat exchanger with
controlled outlet temperature was implemented as it was performed in
the test bench.

According to Fig. 2, five well-differentiated coolant branches are
observed after the engine outlet. Through the thermostat to the ra-
diator, across the bypass to the main pump, to the oil cooler, to the
turbocharger or through the pipe replacing the aerotherm. These two
last paths merge into the aerotherm branch as it can be seen in Fig. 2.
For the sake of clarity, two thermostats are showed in Fig. 2. The one
named thermostat represents the element in the path to the radiator
while the bypass one, corresponds with the element situated in the
coolant path when thermostat is closed.

The coolant flow in each branch is described as follows:

• Radiator and by-pass branch: This branch has two paths de-
pending on the coolant temperature. The thermostat opening
determines the amount of flow that circulates in each path accord-
ing to the temperature of the coolant and ECU (Electronic Control
Unit) signal. When the engine is cold, i.e. thermostat closed, the
fluid will flow through the internal by-pass of the engine, a path
that will take the fluid directly to the engine inlet. As the engine
temperature increases and therefore thermostat starts to open,
part of the flow will be derived to the radiator branch, where
heat will be rejected to the environment. Finally, when thermostat
is completely opened, coolant will not flow through the by-pass
branch. Additionally, the radiator branch forms an additional
loop with the expansion tank.

• Oil cooler branch: This branch contains the oil cooler, which is
in charge of cooling the oil. The coolant is extracted from engine
internal circuit and return to water pump inlet. This is the element
connecting both coolant and oil circuit

• Aerotherm branch: The remaining branch of the circuit is the one
that contains both the replaced aerotherm and the turbocharger.
In this branch, the merging between the flow coming from the
turbocharger and the one coming from the aerotherm (replaced
by a pipe in the test bench as previously mentioned).

Similarly, the oil circuit is composed by the cylinder heat exchang-
ers, turbocharger heat exchanger, and the oil cooler. Additionally, a
positive displacement pump was implemented as it can bee seen in
Fig. 2. The characterization process was similar to the one taken for
the coolant circuit. The heat rejected by the cylinders (mainly by the
piston) was calculated by the ICE Lumped Thermal Model.

The engine speed is a boundary condition of the ICE Thermohy-
draulic Model which will determine the speed of both coolant and oil
pumps. Additionally, the ambient temperature is needed as an input so
the heat transfer with the ambient is taken into account. Finally, the
heat rejected to coolant and oil are also a fundamental input to the
model. Fig. 3 presents the overall integration of the ICE models.

2.4. Battery

To estimate the heat rejected by the battery pack, a first order
Equivalent Circuit Electric Model (ECEM) for a battery cell was devel-

oped using reliable data from bibliography and available experimental
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Fig. 2. (a) ICE coolant circuit layout, (b) ICE oil circuit layout.
Fig. 3. Integration of ICE Lumped Thermal Model, ICE Thermo-Fluid Dynamic Model and ICE Thermohydraulic Model.
measurements. Fig. 4 presents the scheme of the solved electric circuit.
The parameters of the circuit were obtained from the experimental
measurements performed by Pirooz et al. [42]. The detailed method-
ology for the optimization of the model is fully described in [38]. The
heat generated in the cells is calculated according to Eq. (8). The power
supplied and required by the battery is determined by the strategy
established by the control model of the vehicle during the cycle. This
strategy aimed to increase fuel savings and battery charge sustain. The
electric power exchanged from the battery pack is divided by the total
number of cells and set as an input to the ECEM which solves the
7

equivalent electric circuit and calculates the heat power generated in
one cell. Afterwards, this heat power is multiplied by the total number
of cells to calculate the total heat power rejected by the battery pack
to the cooling system.

�̇�𝑐𝑒𝑙𝑙 = 𝐼𝑐𝑒𝑙𝑙 ∗ (𝐸𝑜 − 𝑉𝑐𝑒𝑙𝑙) (8)

where the �̇�𝑐𝑒𝑙𝑙 is the heat generated in the cells of the battery, 𝐼𝑐𝑒𝑙𝑙 is
the cell electric current, 𝐸𝑜 is the open circuit voltage and 𝑉𝑐𝑒𝑙𝑙 is the
cell voltage.
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Fig. 4. First order ECEM of the battery cells.

Table 1
Features of the battery cells.

Parameter Value

Chemistry LTO
Shape Prismatic
Nominal voltage (V) 2.3
Nominal capacity (Ah) 23
Weight (kg) 0.55
Volume (L) 0.26
Dimensions L ∗ W ∗ H (mm) 115 ∗ 22 ∗ 103

The battery pack was constructed by 144 prismatic 23 Ah LTO
battery cells. The cell characteristics are summarized in Table 1.

The battery pack was divided into 12 modules of 12 cells each
one. The thermal management system (TMS) defined for cooling the
cells was based on an indirect cooling through the cell base using a
cooling plate. This TMS was divided into 6 paths of coolant running
under the battery modules (see Fig. 5). Additionally, computational
fluid dynamic (CFD) results obtained from previous work were used
to calculate the pressure drop across the battery thermal management
system [43]. Fig. 5 shows the velocities and the coolant paths through
the TMS. First, calculations at different coolant flows (from 0.5 kg/s to
2.5 kg/s) were performed. Then, the obtained pressure drop for each
coolant flow was used to determine the hydraulic resistance coefficient
according to Eq. (9).

𝛥𝑃 = 𝐾�̇�2 (9)

where 𝛥𝑃 is the total pressure drop, 𝐾 is the hydraulic resistance
coefficient and �̇� is the mass flow rate.

Fig. 7 (left) shows the scheme of the battery thermal management
system (BTMS). This BTMS was constructed using a main heat ex-
changer (named Battery in Fig. 7) which will be responsible to dissipate
the heat rejected by the battery pack to the coolant. The selected
coolant was based on a mix of Glycol (50%) and water. This heat
power is calculated by using the ECEM approach as it was previously
stated. Additionally, the BTMS also includes a pump, a cooler/heater,
a thermostat which starts opening when the coolant temperature at the
outlet of the battery reaches 30 ◦C and different pipes to connect the
elements. The coolant flow propelled by the pump was set constant
and calculated considering the maximum heat rejected by the battery
pack in the complete cycle and a maximum temperature drop across
the BTMS of 2 ◦C. According to the literature, one of the objective of
the BTMS is to decrease the temperature gradient through the battery
pack. Hence, decreasing this temperature drop will directly impact the
temperature gradients among the cells.
8

2.5. Electric drive system

The electric machine of the EDS had a maximum torque and power
of 200 N m and 50 kW, respectively. For calculating the heat rejected
by the EDS (acting as a Motor or Generator), two efficiency maps
were implemented, one for each of the two mentioned actuations. The
maps are shown in Fig. 6. Given the fact that the efficiency shows a
small dependence with the voltage, the nominal voltage of the battery
pack (𝑉 ) was considered as input for the efficiency maps ((𝑁,𝑉 )).
Similarly to the battery case, the required mechanical power and the
generated electrical power by the EDS are determined by the control
of the vehicle model. With the EDS power (𝑃𝑟𝑒𝑞) and its speed (𝑁), the
heat rejected (�̇�𝐸𝐷𝑆 ) to the coolant is calculated by using the maps of
Fig. 6, according to Eq. (10).

�̇�𝐸𝐷𝑆 = 𝑃𝑟𝑒𝑞
𝜂(1 − 𝜂(𝑁,𝑉 ))

𝜂(𝑁,𝑉 )
(10)

The electric drive thermal management system (EDTMS) is very
similar to the BTMS. The layout is presented in the right-hand side
of Fig. 7. In this system a pump that supply a constant coolant flow
equal to the 17% of the ICE maximum coolant flow is considered. This
performance was decided following the same criterion as for the battery
cooling system, taking the maximum heat rejected during the cycle and
setting the temperature drop to 2 ◦C. This element was implemented
in the thermohydraulic model by means of a heat exchanger. Finally,
this TMS also includes a thermostat that starts opening when the
temperature of the coolant at the outlet of the electric drive reaches
60 ◦C and is completely open at 70 ◦C.

2.6. Integrated thermal management system

The powertrain elements of a hybrid vehicle operate at three dif-
ferent levels of temperature. The ICE has the highest working tempera-
tures (≈80–90 ◦C), the EDS is the system with the medium temperatures
(≈50–60 ◦C) while the battery pack requires the lowest operation
temperature (≈15–35 ◦C). This situation, forces to consider a dedicated
thermal management system (TMS) for each element to maintain the
temperature in the required operable ranges. Two concepts of thermal
management systems were considered.

The features of the TMS that have been considered in this analysis
for each element are the following:

• ICE: To reduce warm up time (time the coolant needs to reach
85 ◦C) and to avoid temperature drop at engine stops.

• EDS: Maintaining the coolant temperature below 60 ◦C.
• Battery: Keeping the coolant temperature between 20 ◦C and

35 ◦C the maximum time.

The ‘‘independent’’ TMS system is based on designing a particular
coolant circuit for each element of the powertrain of the hybrid vehicle.
This case was taken as the baseline from which different layouts were
explored. Although it is the less complex one, it does not allow the
interaction of heat flows between the different systems.

The ‘‘integrated’’ two new heat exchangers (HX) were implemented
in order to study the interaction among the available thermal flows
and explore the synergies between the three-level temperature systems
of the hybrid powertrain. These elements allow the interaction between
the high (ICE) and medium (EDS) temperature circuits and between the
medium (EDS) and low (Battery) temperature circuit of the TMS. Fig. 8
shows the layout of the integrated thermal management system. The
low temperature HX connects the coolant circuit of the battery with the
coolant circuit of the EDS while the high temperature HX connects the
thermal flows between ICE coolant circuit and EDS coolant circuit. One
of the main criteria for designing such thermal management systems
was the use of the minimum elements as possible and trying to elimi-
nate redundant components. For instance, the cooler of the independent
TMS was eliminated since the preliminary results showed that keeping
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Fig. 5. Coolant path of Battery TMS (CFD).
Fig. 6. EDS efficiency maps, working as generator (left) and motor (right).
Fig. 7. Battery TMS (left) and electric drive system TMS (right).
the battery cooler was suitable. Additionally, an actuated valve was
implemented in the EDTMS to avoid cooling the ICE when it could be
detrimental for fuel economy and emissions. For this purpose, this valve
is completely closed when the ICE coolant temperature reaches 60 ◦C
disconnecting the low temperature fluid (EDS coolant) side of the high
temperature HX.

Overall, the number of elements for each layout is summarized in
Table 2. By adding two additional components it is possible to get ben-
efits from the thermal flow interaction depending on the requirements
of the different subsystem.
9

Table 2
Number of components of the TMS layouts.

Components Independent TMS Integrated TMS

Pumps 3 3
Cooler/Heater 3 2
Thermostat 3 3
Heat exchanger 0 2
Actuated valve 0 1

Total 9 11



Applied Thermal Engineering 221 (2023) 119822A. Broatch et al.
Fig. 8. Integrated thermal management system.
Fig. 9. Experimental validation of ICE fuel consumption.
3. Experimental testing

In this section a description of the experimental campaign per-
formed with the ICE is presented. This engine is a 3-cylinders 1L
Gasoline engine. The measurements were performed in a highly in-
strumented test bench. The test bench was equipped with state-of-art
components that allow the operation of the engine in RDE transient
conditions. Additionally, the experimental campaign performed for
this work considered several steady state running conditions within
the engine performance map. The tested conditions have been the
following:

• Ten points ranging from 1000 rpm to 5250 rpm at full load: they
were used, first to validate engine simulations and secondly to
adjust hydraulic parameters.

• Ten points going from 1000 rpm to 5250 rpm in motoring condi-
tions. They have been used to obtain the main uncertainties of the
engine: compression ratio, heat transfer coefficients, thermody-
namic delay and deformations coefficient. These are parameters
for the combustion analysis tool (CALMEC) in which the main
experimental input is the in-cylinder pressure signal. The first law
of thermodynamics is applied between IVC (intake valve closing)
10
Table 3
Engine specifications used for validation of the ICE models.

Parameter Value

Displacement 999 cm3

Diameter 81.3 mm
Stroke 72.2 mm
Number of cylinders 3 in line
Number of valves 4 per cylinder
Max torque @ speed 182.3 N m @ 2250 rpm
Max power @ speed 83.0 kW @ 5250 rpm

and EVO (exhaust valve opening) to calculate the rate of heat
release as the main result [44,45]. Among the results, the heat
rejected to the coolant and oil is also calculated, which served to
calibrate the heat rejected to the hydraulic circuits.

• Sixty-three points from low load (3 BMEP) to high load (around
22 BMEP) covering a wide range of the engine map.

The engine features are summarized in Table 3.
The test bench was equipped with different measurement tools that

were thoroughly calibrated before the measurement campaign. Several
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Fig. 10. Validation of the additional coolant flow measurements with thermostat open (Op) and closed (Cl) for radiator (a), aerotherm (b) and oil cooler (c). Flows validation at
full load conditions for radiator (d), aerotherm (e) and oil cooler (f).
Table 4
Laboratory instrumentation.

Variable Instrument Range Accuracy

Engine speed Dynamometer 0–7500 rpm ±1 rpm
Torque Dynamometer 0–400 N m ±0.5%
Fluid temperature k-type thermocouple 70–1520 K ±2K
Air mass flow Flowmeter 0–1700 kg/h ±2%
In-cylinder pressure AVL GH13P 0–200 bar ±0.3%
Coolant flow OPTIFLUX 4000 4.5–90 lpm ±0.5%
Oil pressure Piezoresistive transducer 0–10 bar ±25mbar
Emissions Horiba MEXA @ AVL

Smoke meter

temperature, mass flow and pressure sensors were installed in the gas
circuit and the hydraulic circuits of the engine. All of them calibrated
and connected to a data acquisition system. Table 4 summarizes the
main instrumentation equipment.

Temperatures and pressures were measured at the compressor inlet
and outlet, at the intake manifold, at the turbine inlet and outlet, at
the exhaust manifold and at the inlet and outlet of the exhaust gas
after-treatment system. The in-cylinder pressure was measured in one
cylinder.
11
4. Model validation

In this section, the validation of the ICE submodels is presented.
For the case of the battery model, it is critical the correct calibration
of the heat rejected to coolant circuit. This heat mainly depends on the
correct optimization of the electric parameters of the Equivalent Circuit
Electric Model as it was presented in the previous section. The parame-
ters used in this work were obtained using experimental measurements
that were performed out of the scope of the present work [42]. For
the electric drive system, in order to calculate the heat generated,
the experimental efficiency maps provided by the manufacturer were
used. Hence, only the experimental validation of the ICE submodels is
detailed.

4.1. Steady state

In this section the validation of ICE submodels in steady state con-
ditions are presented. For the thermohydraulic model, the validation
process was performed in two steps. Firstly, the coolant flows were
compared with the measurements followed by a fitting process in
which the hydraulic resistances were adjusted. Secondly, the predicted
temperatures were compared with the measurements performed in the
test bench. In this case, both the thermo-hydraulic model and the
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Fig. 11. Radiator branch flow validation.

Fig. 12. Engine inlet coolant temperature (a) and oil (b) validation.
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Fig. 13. Validation results for engine performance for RDE cycles.

Fig. 14. Validation of coolant engine inlet temperature (a,b and c), oil cooler coolant flow (d,e and f) and oil temperature (g,h and i) in RDE cycles.
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Fig. 15. Thermal integrated co-simulation of an hybrid propulsive system.

Fig. 16. Power demanded from ICE, battery and EDS subsystems during the RDE cycles.
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Fig. 17. ICE, battery and EDS coolant temperature evolution for warm conditions in RDE cycles for individual TMS and integrated TMS where, in the legend, the 𝑖𝑛𝑑 indicates
independent and 𝑖𝑛𝑡 refers to integrated.
engine model are needed to accurately predict the heat rejected by
different elements to the thermo-hydraulic model.

4.2. ICE fuel consumption

The Gasdyn 1D model has been validated on a steady state map of
measured operating conditions. A general satisfactory agreement has
been achieved. The measured brake mean effective pressure was well
matched in all operating points, with a PID controller acting on the
throttle opening, whereas the target boost pressure has always been
reached by acting on the wastegate opening with a PID controller. Fig. 9
shows the contour plots of the measured and computed brake specific
fuel consumption for a direct comparison. The corresponding relative
and absolute errors on the whole steady state engine map are presented
as well. Overall, the agreement is good, with few regions characterized
by a maximum error around 5%, showing a good quantitative and
qualitative prediction level in general. This result is very important,
allowing the use of the 1D engine model across non-mapped operating
conditions during the simulation of RDE driving cycles, where the focus
is on the evaluation of cumulative fuel consumption during transient
operation.

4.2.1. Hydraulic flows
In order to validate the coolant flows, additional measurements

were required for modelling the behaviour of the thermostat.
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• First, measurements at different engine speeds with the thermo-
stat closed were used to adjust the flows through the oil cooler
and aerotherm branches. Fig. 10 shows the predicted versus
measured volumetric flow rate of the coolant across the radiator,
aerotherm and oil cooler branches for both open and closed
thermostat positions.

• Afterwards, the measurements with thermostat completely open
and closed were used to calibrate the coolant flow in radia-
tor’s branch and to determine the hydraulic resistance of the
thermostat when thermostat is completely open.

• Finally, the full load operating points were used for calibrating
partial openings of the thermostat. Fig. 10 shows the results ob-
tained for full load when only the opening degree was modified.
The model seems to slightly over-predict the aerotherm flow at
low speeds and slightly underestimate it for high speeds. For the
case of the oil cooler, the model seems to slightly underestimate
the flows for speeds higher than 3500 rpm.

The process followed for adjusting the thermostat allowed to capture
both the maximum and the minimum values of the radiator flow
(maximum and minimum opening degree).

The parameters modified for the fitting process were the friction
of the pipes, the hydraulic resistance of the heat exchangers (radiator,
oil cooler, cylinders, turbocharger) and the hydraulic resistance of the
thermostat. Note that for the case of the thermostat, its hydraulic
resistance depends on its opening degree, and this changes with the
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Fig. 18. Accumulated fuel consumption for warm conditions in RDE cycles where, in the legend, the 𝑖𝑛𝑑 indicates independent and 𝑖𝑛𝑡 refers to integrated.
engine operating point according to the temperature of the coolant
and the ECU signal. Once the adjustment process was finished, the
validation of the three flows was performed for the rest of the engine
map.

Fig. 11 shows a comparison between model results and experi-
mental measurements of radiator coolant flows, in all the map and
with different thermostat openings. The contour plots show a good
agreement between predictions and experimental data which indicates
that hydraulic resistances in all the elements have been well estimated.
The error in radiator flow prediction is less than ±3% except in one
operating condition, at which reaches 6.5% at 2500 rpm and 12 BMEP.

Overall, the model was considered to correctly predict the flows
thorough the different branches in the coolant circuit for the whole
engine map.

4.2.2. Thermal validation
For the validation of the hydraulic circuits’ temperatures the heat re-

jected by both the engine and the turbocharger are required. With this
16
purpose, the heat rejected used as input for the model was estimated
by using the experimental measurements.

Once the flows are validated, the thermal fitting mostly depend on
the heat exchanged in the different heat exchangers implemented in
the hydraulic circuits. In the coolant circuit, the radiator, the cylinders,
the turbocharger and the oil cooler are the elements that dissipate heat
to the coolant. In the oil circuit, the turbocharger, the oil cooler and
the cylinders are the elements dissipate heat to the oil. Among all
the heat exchangers, the radiator and the oil cooler efficiency were
used for fitting the temperatures in the circuits. However, to adjust the
temperature drop in the different components, the proper heat had to
be supplied to the system.

The procedure followed for adjusting and validating the thermal
state has the following steps:

• Validate the coolant temperature drop of the engine with the
measured heat flow.
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Fig. 19. ICE, battery and EDS temperature evolution for cold conditions in RDE cycles where, in the legend, the 𝑖𝑛𝑑 indicates independent and 𝑖𝑛𝑡 refers to integrated.
• Adjust the engine inlet coolant temperature by modifying the heat
rejected by the radiator.

• Validate the oil temperature by adjusting the oil cooler efficiency.
• Refine the heat rejected by the radiator.
• Validate the temperatures of different locations of the coolant

circuit.

The heat rejected by the cylinders for each operating point was
estimated with the experimental data and used as input in the cylin-
ders (emulated with heat exchangers) of the coolant circuit. Coolant
temperature drop showed a mean relative error around 0.9%. Plot
(a) of Fig. 12 shows the comparison between the predicted and mea-
sured coolant temperatures at the inlet of the engine. The evaluation
of the reliability of the model for predicting the oil temperature is
presented in the plot (b) of Fig. 12. In both circuits, the observed errors
demonstrated the capability of the model.

4.3. Transient conditions

To validate the coupling among the ICE main sub-models in tran-
sient conditions, three different RDE (Real Driving Emission) cycles
were simulated. These cycles were defined by the control model. The
considered cycles are soft, medium, and high (aggressive) cycle depend-
ing on their acceleration aggressiveness. The three cycles comply the
limits established by the standards. These cycles were defined using
a drive cycle generator developed in the work presented in Ref. [46].
This generator has been developed to synthesize cycles complying all
the regulatory requirements of the real drive emission testing.
17
4.3.1. ICE transient validation
During transient simulations, the same 1D engine model is run,

changing the engine speed and torque requested cycle-by-cycle. The
engine speed is imposed to the model, while the torque request is
targeted with an internal PID controller. All the information regarding
the engine operating parameters, such as spark advance, valve timing
and target boost pressure are interpolated according to the engine
speed/torque map introduced in the steady state model. This approach
allows to include a fully physical transient model of the GDI engine in
the vehicle simulation.

Fig. 13 shows the comparison between predicted by the model
(coupling of ICE Lumped Thermal Model, ICE Thermo-Fluid Dynamic
Model and ICE Thermohydraulic Model) and measured engine speed
and torque evolution of ICE during the three different RDE cycles
defined before. The very good concordance between these two engine
parameters is remarkable for the three cycles.

Fig. 14 shows the comparison between the measured and calculated
coolant temperature at the inlet of the engine. In general, a good col-
lapse of these results can be observed for the three cycles. Although the
coolant temperature shows some discrepancy between 1000 s and 2800
s in the medium RDE cycle, the overall accuracy can be considered
acceptable since the temperature rise and drop during starts and stops
of the engine were correctly predicted by the model during all cycles.
The comparison between the measured and predicted volumetric flow
rate of the coolant through the oil cooler branch is presented in Fig. 14.
These results show the remarkable capacity of the co-simulation tool to
predict the coolant flow evolution at RDE cycles operation.



Applied Thermal Engineering 221 (2023) 119822A. Broatch et al.

5

e
R
s

I
a
c
w
t
a
i
t
b
t
3
m
o
i
s
i
d
[

1
t
t
t
E

m
F
t
l
o

e
i
o
s

i
s
c
c
g
s
s
m
s
o
(
t
o
t
I
i
t
t
m
s
c
c
e
t
i
i
i

t
o
c

i
a
s
c
t
a
n

t
F
r
p
a
b

e
a
t

5

d
t
t
w
m
b

In Fig. 14 the oil temperature evolution is presented for the RDE
cycles. In the soft cycle, it is observed that the model slightly over-
estimates the temperature during the first 1200 s. Additionally, after
5750 s the model underestimates the temperature because the coolant
temperature is also underestimated by the model in that period. The
same behaviour is observed for the last part of the medium cycle.
Overall, the model was considered able to predict the trend of the oil
temperature with good accuracy.

5. Simulations and results

In this section the main results obtained from the simulations of
both the independent and integrated thermal management systems are
presented. These thermal management systems were studied by means
of a co-simulation of the ICE, Battery and EDS submodels as it can
be observed in the scheme presented in Fig. 15. Three RDE cycles
were selected to evaluate the impact on operating temperature and fuel
consumption of the integrated thermal management strategies.

Fig. 16 shows the power required from each powertrain component
during the RDE cycles. On one hand, when the battery power is
positive, the battery pack is supplying energy (that is, in discharging
mode) and when this power is negative, the battery pack is in charging
mode. On the other hand, the EDS power is positive when it works
as a motor and negative when it works as a generator. As explained
before, the powertrain control strategy of the vehicle was defined to
keep the state of charge of the battery along the cycle and to save
the fuel consumed by the ICE. The simulations were launched for both
warm (20 ◦C) and cold (−20 ◦C) conditions.

.1. Warm conditions (20 ◦C)

In Fig. 17 the evolution of the calculated coolant temperatures of
ach powertrain component with the two TMS considered during the
DE cycles at warm conditions (ambient temperature at 20 ◦C) are
hown.

With the integrated TMS configuration the temperature drops of the
CE coolant when the powertrain switches to electric mode (ICE stops)
re avoided during the RDE soft cycle. During the first phase of the
ycle (up to almost 4000 s) the ICE coolant temperature rises even
hen the engine stops due to the heat rejected by the EDS. Additionally,

he integrated TMS maintains the coolant temperature above 40 ◦C
round 77.3% of the total cycle time while in the independent TMS
t is less than 46% of the total. It is important to take into account
hat, the higher the coolant temperature the higher the oil temperature
ecause of the ICE oil cooler. For the case of the EDS in the soft cycle,
he integrated TMS keeps the coolant temperature above 50 ◦C during
035 s (a 48.0% of the total RDE cycle) while the independent TMS
aintains the coolant temperature above 50 ◦C during 4770 s (a 75.8%

f the total RDE cycle). In other words, a slower warm-up of the EDS
s produced because of the heat exchanged between the ICE and EDS
ystem in the first phase of the cycle. Although this could slightly
ncrease the friction losses in the EDS, the lower temperature would
irectly increase the machine life time by reducing its thermal ageing
37].

A similar behaviour is observed in the high cycle during the first
500 s. The integrated TMS reduced the ICE cooling during the second
urn off of the engine. Additionally, the EDS warm up is reduced thanks
o the heat evacuated from the ICE TMS. In this case, the battery
emperature is slightly higher because of the head rejected from the
DS TMS.

Contrary to the previous cycles, the integrated TMS during the
edium cycle presented limited benefit due to the nature of the cycle.

rom the beginning, the ICE is turned on till it reaches optimum
emperature (thermostat opening). Benefits were observed during the
ong period (between 1000 s and 2600 s) in which the ICE is turned
ff. Once the temperature was close to 60 ◦C, it was possible to use the
18

a

nergy available at the EDS system. Therefore, an exchange of gains
s observed for this cycle. ICE warming is slightly delayed at the cost
f a significant reduction in EDS warming. In other words, the control
trategy was already optimum from the ICE thermal state.

In Fig. 18 both the ICE accumulated fuel consumption for the
ntegrated and individual TMS and their relative difference are pre-
ented. A negative value means that the integrated TMS decreases fuel
onsumption compared to the base case. Note that the more fuel is
onsumed during the cycle, the less relative gain is obtained because it
ets diluted during the period time in which the ICE reached thermal
tability (thermostat opened). For the soft cycle, the results show fuel
avings around 0.62% with the integrated TMS. However, the gain is
uch more significant if it is only analysed till the ICE reached thermal

tability. A 1.74% of fuel savings were obtained during this period
f the soft cycle. As it was predicted in the temperatures evolution
Fig. 17), there were also fuel gains during the ICE warming up in
he high cycle. When the ICE turns on (around 180 s) there is 0.5%
f fuel saving due to the overheat absorbed from the EDS. However,
he gain slightly decreased during the following 250 s in which the
CE TMS is rejecting heat to the EDS. The fuel saving immediately
ncrease again till 0.2% when the ICE cooling is avoided when ICE
urns off (between 600 s and 1100 s). Finally, the gain is diluted with
ime one the engine works in optimal temperature. In the case of the
edium cycle, the ICE turns on from the beginning and it does not

top till it has reached optimal temperature. This explains why in the
entral plots of Fig. 18, the integrated TMS actually increases the fuel
onsumption till 1.6% because it slows down the warming up of the
ngine while the temperature of the ICE is below 60 ◦C. Nevertheless,
his contributes to fasten the warming up of the EDS as it was observed
n Fig. 17. However, when ICE turns off between 1000 s and 2700 s the
ntegrated system avoid the ICE temperature drop which produces an
mprovement in the fuel consumption (0.2%).

From the energy management point of view, the medium cycle has
he most optimal control strategy to avoid using the ICE out of its
ptimum operating temperature as it happened in first half of the soft
ycle.

The integrated TMS could perfectly reduce the fuel consumption
f a more sophisticated TM control is applied to the system. Setting

heating priority among the different subsystems could be a good
olution. For the medium and high cycle, the actuated valve could be
ontrolled in a way that only lets heat exchange when ICE coolant
emperature is below the thermal flow of the EDS. However, this would
dd a level of complexity to the system. As it was stated before, the
ature of the proposed ITMS was to develop a simple and robust system.

This was because increasing the coolant temperature directly rises
he cylinder wall temperatures improving the combustion process.
urthermore, it also contributes to increase the oil temperature, which
educes the oil viscosity and, hence, a reduction of friction losses is
roduced when the temperature drops at the beginning of the cycle are
voided. The more time the ICE is operated at higher temperatures, the
etter its overall efficiency.

Although a potential temperature increment was expected in the
xhaust gas, no significant impact was observed in the inlet (T3)
nd outlet (T4) temperatures of the turbocharger with the integrated
hermal management system.

.2. Cold conditions (−20 ◦C)

In Fig. 19 the coolant temperature evolution of ICE, EDS and Battery
uring the RDE cycles at cold conditions are shown. For all three cycles,
he trends observed are very similar to the warm case, the ICE coolant
emperature drops are avoided, and the EDS warming up slows down
ith the integrated TMS concept of the soft cycle and increases for the
edium cycle. The temperature of the battery coolant does not change

ecause the threshold temperature for cooling start in the EDS is not

chieved till the very end of the cycle.
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Fig. 20. Accumulated fuel consumption for cold conditions in RDE cycles where, in the legend, the 𝑖𝑛𝑑 indicates independent and 𝑖𝑛𝑡 refers to integrated.
Finally, Fig. 20 shows that the accumulated fuel consumption de-
creases almost a 3% for the integrated TMS layout in the soft cycle.
Almost double when compared with the warm case. This is because the
friction losses reduction is even more significant at lower temperatures.
For the medium cycle, as it happened in the warm case, the integrated
TMS presented increased fuel consumption during the ICE warming
time. However, this is much lower than the ambient case. Furthermore,
the fuel saving during the ICE turning on after the long stop (between
1000 s and 2700 s) is much higher, reaching a 0.45%. Finally, for the
high cycle, the maximum fuel savings with the ITMS were 0.55% during
the ICE warming up. As it was stated before, the ITMS could improve
the fuel saving by introducing new control algorithms.

6. Conclusions

The main conclusions of the work performed can be summarized as
follows:
19
A novel methodology for studying integrated thermal management
systems in hybrid vehicles have been developed and validated with
the support of an extensive experimental campaign performed in a 1L
GDI engine designed for hybrid vehicle powertrain. Both stationary
and transient RDE cycles were launched in the testbench for validating
the ICE implemented submodels. The coupling of models, which have
been developed and calibrated in established modelling tools, has
been successfully performed benefiting from their intrinsic capabilities
using the standard FMU for co-simulation. The reliability of the model
implemented for predicting the thermal management of the engine has
been evaluated and the obtained discrepancies were within the order of
magnitude of the measurement uncertainties. Different TMSs have been
designed and simulated to evaluate the thermal flows in the hybrid
vehicle. The approach for designing the ITMS considered the minimiza-
tion of number of components and fulfilled thermal requirements of the
different components of the hybrid powertrain.

The simulation results showed that an integrated TMS allows to
avoid the temperature drop of the ICE coolant when the powertrain
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switches to electric mode. Additionally, the accumulated fuel consump-
tion decreased a 1.74% and 3% with the integrated TMS during the ICE
warming up for the RDE soft cycle at 20 ◦C and −20 ◦C, respectively.
Additionally, the maximum fuel saving were around 0.55% for the
high cycle for both warm and cold conditions. Finally, for the case
of the medium cycle, the integrated TMS proved to increase the fuel
consumption during the ICE warming up time while reducing the warm
up time of the EDS. Only when the ICE temperature was below the EDS
optimum operating temperature, the integrated proved to be beneficial
regarding duel savings.
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